Cryptosporidiosis, giardiasis, and microsporidiosis are important waterborne diseases. In the standard for wastewater treatment plant (WWTP) effluents in China and other countries, the fecal coliform count is the only microbial indicator, raising concerns about the potential for pathogen transmission through WWTP effluent reuse. In this study, we collected 50 effluent samples (30 L/sample) from three municipal WWTPs in Shanghai, China, and analyzed for Cryptosporidium spp., Giardia duodenalis and Enterocytozoon bieneusi by microscopy and/or polymerase chain reaction (PCR). Moreover, propidium monoazide (PMA)-PCR was used to assess the viability of oocysts/cysts. The microscopy and PCR-positive rates for Cryptosporidium spp. were 62% and 40%, respectively. The occurrence rates of G. duodenalis were 96% by microscopy and 92-100% by PCR analysis of three genetic loci. Furthermore, E. bieneusi was detected in 70% (35/50) of samples by PCR. Altogether, 10 Cryptosporidium species or genotypes, two G. duodenalis genotypes, and 11 E. bieneusi genotypes were found, most of which were human-pathogenic. The chlorine dioxide disinfection employed in WWTP1 and WWTP3 failed to inactivate the residual pathogens; 93% of the samples from WWTP1 and 83% from WWTP3 did not meet the national standard on fecal coliform levels. Thus, urban WWTP effluents often contain residual waterborne human pathogens.
genotypes in at least eight groups, with humans mainly infected by genotypes in Group 1 (Karim et al. ) .
United States Environmental Protection Agency Method
1623 is the standard method for the detection and quantitation of Cryptosporidium oocysts and Giardia cysts in water samples (Weintraub ) . Currently, there are no validated methods for the detection of E. bieneusi spores in water. Like other microcopy-based methods, Method 1623 cannot diagnose Cryptosporidium spp. and Giardia spp. at the species or genotype level, and thus cannot differentiate human pathogens from animal pathogens. In contrast, molecular biological techniques such as polymerase chain reaction (PCR) and sequence analysis not only allow sensitive detection of multiple pathogens including E. bieneusi but also may facilitate the assessment of sources and human-infective potential of pathogens in water (Kothavade ) . In addition, the viability of Cryptosporidium oocysts and Giardia cysts can be assessed through the treatment of samples with propidium monoazide (PMA) prior to PCR analysis, as the incorporation of PMA into DNA in damaged oocysts or cysts prevents PCR amplification of genetic targets (Brescia et al. ; Alonso et al. ) .
Effluents of wastewater treatment plants (WWTPs) have
been increasingly used for irrigation, recreational impoundments, and wetland reconstruction (Hachich et al. ) .
However, the existence of residual waterborne pathogens is a potential problem in wastewater reuse. For example, the use of treated effluents for crop cultivation and recreation is regarded as a potential risk to human health (Carr et al. ) . Moreover, the current discharge standard of pollutants from municipal WWTPs in China uses the fecal coliform count as a microbiological indictor and does not have any specifications for pathogens such as Cryptosporidium spp. and G. duodenalis. Currently, the permitted concentration of fecal coliforms in China is 100 MPN/100 mL for Level 1-A water discharge (reclaimed use for landscape irrigation and small river and lake recharge), and 1,000 MPN/100 mL for Level 1-B (fishery, mariculture, swimming, etc.) and Level 2 water discharge (recreational water without direct body contact, agricultural irrigation, industrial usage, coastal tourist areas, etc.) (SEPA & AQSIQ ).
In this study, we examined the occurrence and humaninfective potential of Cryptosporidium spp., G. duodenalis and E. bieneusi in effluents from three municipal WWTPs in Shanghai by microscopy, PCR, and PMA-PCR. Data from the study showed a common occurrence of human-pathogenic Cryptosporidium, G. duodenalis, and E. bieneusi genotypes in WWTP effluents, and no consistent correlation between fecal coliform counts and the occurrence of waterborne pathogens.
MATERIALS AND METHODS

Study sites
The effluents from three municipal WWTPs in Shanghai were sampled in this study. WWTP1 lies in the suburbs, utilizing the suspended carrier inverted anaerobic-anoxic-oxic (AAO) process after the removal of large particles by screening and vortex-type grit chambers. The treated wastewater goes through chlorine dioxide (ClO 2 ) disinfection (the designed dosage was 5 ppm) before discharge. The effluent flows into a canal that is bordered by farmlands. WWTP2 is in the city; the wastewater first traverses through screens to remove large particles, and then flows into an aerated grit chamber and through a primary clarifier. It employs the inverted AAO process as the biological treatment and ultraviolet (UV) (TrojanUV3000Plus system, London, Ontario) for disinfection. The high output, low pressure amalgam lamps in the UV system are automatically dimmed when water flow drops or when the water quality changes, with UV doses varying mostly between 20 and 50 mWs/cm 2 . The effluent is discharged into a small river, which runs through a popular recreational park. WWTP3 is located near the coast and uses screening and vortex-type grit chambers to remove large particles in wastewater before the wastewater enters an integrated hydrolyzing pond. It uses the AAO process for biological treatment and chlorine dioxide for disinfection (the operational dosage was 8 ppm). The treated wastewater discharges into the sea and the seaside has become a tourist attraction, where visitors enjoy the beach and consume locally-harvested seafood. The three WWTPs studied use the Level 1-B or Level 2 discharge standard, with the limit of the fecal coliform count as 1,000 MPN/100 mL.
Sample collection and processing
A total of 50 grab samples (30 L per sample) of treated wastewater were collected during September 2014 to March 2015 from the three WWTPs, including 16 samples from WWTP1, 18 from WWTP2, and 16 from WWTP3. Four samples were collected from one WWTP at a time with a 10-min interval between each sample. Only one WWTP was visited each week, with the three WWTPs alternated among each other.
Samples were transported to the laboratory in 10 L plastic containers and processed immediately upon arrival. The calcium carbonate flocculation (CCF) method was used for the concentration of pathogens in water samples as previously described (Vesey et al. ) . The protists suspended in water were aggregated into the sediment after CCF. Half of the sediment (about 0.5 mL) was used in immunomagnetic separation (IMS) and immunofluorescence microscopy (IFA) of Cryptosporidium oocysts and Giardia cysts. The remaining part was divided into two: one was washed twice using phosphate buffered saline (PBS) by centrifugation and stored at À80 W C until DNA extraction, and the other received PMA treatment prior to DNA extraction. 
Determination of fecal coliforms
PMA staining
The PMA (Biotium, USA) stock solution (50 mM) and working solution (150 μM) were prepared and stored as previously described (Brescia et al. ) . Samples were incubated in the dark with an equal volume of PMA working solution and continuously stirred for 5 min. They were then placed on ice and exposed to an 800-W halogen light source 20 cm away. The total exposure time was 3 min, with a 1-min stirring after every 30-sec exposure. Treated samples were washed twice using PBS by centrifugation and stored at À80 W C until DNA extraction.
DNA extraction and molecular analysis
Genomic DNA was extracted from the sediment using the 
Genotyping and subtyping of Cryptosporidium
Statistical analysis
Data on pathogen occurrence were analyzed using SPSS 19.0 (http://www-01.ibm.com/software/analytics/spss/). The paired T test was used to evaluate the effect of PMA, whereas the χ 2 test and ANOVA (analysis of variance) were used to compare differences in the occurrence of parasites and the concentration of Giardia cysts among three WWTPs, respectively (α ¼ 0.05). A bivariate correlation analysis was used to assess the correlation between numbers of Cryptosporidium oocysts or Giardia cysts in IFA and fecal coliform counts.
Nucleotide sequence accession numbers
Unique nucleotide sequences generated in this study were deposited in GenBank under accession numbers KR902350 to KR902360.
RESULTS
Occurrence of Cryptosporidium oocysts and Giardia cysts by IFA By microscopy, Cryptosporidium oocysts were detected in 31 (62%) of the 50 samples at concentrations of 0-0.93 oocyst/L. Among the three WWTPs, WWTP2 had a significantly lower Cryptosporidium oocyst occurrence than the other two WWTPs (P ¼ 0.012); oocysts were detected in 33% of samples from WWTP2 compared to 81% of samples from WWTP1 and 75% of samples from WWTP3 (Table 1) . In contrast, Giardia cysts were detected in 48 (96%) samples at concentration of 0-49 cysts/L.
There were no significant differences in Giardia cyst occurrence (P ¼ 0.109) or concentration (P ¼ 0.059) among the three WWTPs (Table 2 ). As the sampling was done over a 6-month period, no effort was made to evaluate possible seasonal differences in the occurrence and concentration of these pathogens. Analysis of the β-giardin locus showed that 92% (46/90) of the samples were positive for G. duodenalis. Subtypes A2, A3, and A5 were detected in 46, 12, and one sample, respectively. One new subtype A2-ESHbg (one SNP from A2) of assemblage A was found (Table 2) . Figure 1 ).
Fecal coliform counts and correlation between pathogen and fecal coliform levels
The concentrations of fecal coliforms were 3.36 × 10 4 ± 3.27 × 10 4 (mean ± SD) MPN/100 mL and 2.23 × 10 4 ± In contrast to the poor quality of effluents in WWTP1 and WWTP3, all effluent samples from WWTP2, which uses UV as the disinfectant for secondary effluents, had fecal coliform concentrations below the acceptable level for discharge. Previously, UV was shown to be much more effective in reducing fecal coliform levels in wastewater than chlorine dioxide (Carrasco & Turner ) . A much lower occurrence of Cryptosporidium oocysts was also seen in WWTP2, although we did not see any major differences among the three WWTPs in the occurrence of 
